Abstract -The purpose of a voltage controller is to produce stable three-phase output voltages with low distortion under all loading conditions. This paper presents the design of such a three-phase, closed-loop voltage controller, implementing a deadbeat controller on the output voltage and the inductor current. A digital signal processor is used to implement the digital closed-loop control algorithms. This, together with delays introduced by sampling the analog quantities, introduces a delay in the control law that causes system instability. The system model is augmented to compensate for these dynamics, hereby including a third deadbeat controlled variable. System stability is then ensured. Load current feed-forward is used to compensate for changes in the load current before the output voltages get distorted, in order to improve the output voltage waveform quality. Practical results show that the designed voltage controller ean produce output voltage waveforms that can meet the specifications for balanced and unbalanced loads. This is verified by using a three-phase, four-wire, 250 kW inverter, which shows that the constructed pulse-width modulated control scheme can achieve fast dynamic response as weU as low total harmonic distortion. Non-linear loads, however, produce undesirable harmonics that cause large distortion in output voltage.
INTRODUCTION
Sensitive equipment that requires a clean, consistent voltage waveform in order for them to function correctly becomes more common with the growth in digital processes.
Unfortunately, the electric supply waveform is often not of acceptable quality. The installation of an unintermptible power supply (UPS) system is therefore accepted as being a vital element in the protection of sensitive equipment. It is desired that the output voltage stays sinusoidal over all loading conditions. Industry tends to use passive LC-filters connected to the UPS-style inverters. Different types of loads will therefore cause the transfer function to change, and the output voltage will no longer be sinusoidal. In many cases open loop controllers are used to produce the output voltage waveform. These controllers are capable of maintaining the desired average voltage, but have a very slow (several cycles) response to step changes [l] . Various closed-loop controllers implementing different control variables, which include filter inductor current, filter capacitor current, load current and filtered output voltage, are used to hy and improve performance [2] . Research done on deadbeat controllers [2]- [5] showed that this digital control scheme reduces state variable errors in a fmite amount of time steps, giving high dynamic performance.
The pulse width modulated (PWM) inverter plays an important role in converting dc to ac voltages, and therefore the performance of these systems depend highly on the dynamics of this component. The controller is designed with these dynamics in mind. This paper presents such a controller designed to control a three-phase PWM inverter with an LC output filter. The digital signal processor (DSP) takes a fmite amount of time to calculate the control variables. This introduces a computational d8:lay that affects the maximum pulse width of the inverter. A deadbeat controller designed to eliminate the computational delay, produces output voltages that have a low total harmonic distortion (THD). Fig. 1 shows a PWM, three-phase, four-wire inverter together with the output LC-filter and variable load. The fourth leg is used to handle neutral current when unbalanced and nonlinear loads are connected. The voltage source, Vds, serves as the DC-bus and supplies poaer to the load via the inverter. The inverter is driven by a duty cycle control signal that produces an output voltage, V.N, which in tum varies between +Vd, and -V&. ..
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DYNAMIC MODEL OF THE PWM MVERTER
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MODEL AUGMENTATION
Due to sampling and the calculation delay of the DSP, a delay is introduced in the output voltage, y. This is represented by AT in Fig. 2 . All control calculations are completed within this time, and while these computations are being performed, the voltage y(k-1) is applied to the filter. The measurements are completed withim 2 0 p (depending on the speed of the measurement system and the controller). The remaining time, dependant on the switching frequency, is then used for the calculations. The applied filter voltage at the beginniig of the switching cycle, vi(k-l), is defined as
Assuming that no load is connected to the system, (7) is used to augment the system in (5) to include the time delay as
IV.
LINEAR FEEDBACK CONTROL LAW
It is desired that the system in (8) be controlled. For the system to be controlled, it is necessary that it is controllable. A system is said to be controllable if it is possible to transfer any initial state to any desired state within a finite time 181. 
The purpose of the control law is to allow the designer to assign a set of pole locations for the closed loop system that will correspond to satisfactory dynamic response. The poles can be placed at any arbitrary position, as the system is statecontrollable [9] -an uncontrollable system would be unaffected by the control. As the system uses deadbeat control, the poles are shifted to the origin of the z-plane. Ackermann's formula [9] is used for this, which gives A block diagram of the closed loop system is given in Fig. 4 Although a load feed-forward lecbnique was implemented, the output voltage magnitude was still smaller than the reference voltage when loads with a non-unity power factor were connected. It is shown in Fig 5 that for the same magnitude of load current, the magnitude of the supply voltage will differ to produce the same magnitude output voltage, depending on the power factor of the load. Here V, represents the supply voltage when a pure resistive load is connected and V,, when an inductive load is connected. 
LOAD CURRENT FEED-FORWARD
Connecting various loads to the system will introduce a 
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The reference voltage is adjusted with this ratio to produce an output voltage that is equal to the reference voltage.
VII. EXPERIMENTAL RESULTS
The proposed controller was tested on a 250 kW line interactive UPS system, Fig. 6 , with the following specifications: A single-phase load, with a power rating of 65 kW, connected to the three-phase system produced output voltages with respectively -17.5%, -3% and 7.5% steady-state error when the open-loop controller was used, shown in Fig. 9 . The THD is 4%. The closed-loop controller, however, produced output voltages with respectively -13%, -2.6% and -1.3% steadystate error, Fig. 10 . The THD is 2.6%. An inductive load with a power factor of 0.9 and a power rating of 150 kW was used to show the effectiveness of the controller when loads with a lagging power factor are connected. Fig. 11 shows the output voltages with the openloop controller. The steady-state error is 4% and the THD is 3.2%. The green trace represents the current that is drawn by the inductive load and bas a scale of 1: 1000.
. . The closed-loop controller produced output voltages with a steady-state error of -8% and a THD of 6%, Fig. 14 . The closed-loop controller produced output voltages with a steady-state error of -5.2%, but with a THD of only 2.7%. This is shown in Fig. 12 . The green trace again represents the load cment. 
CONTROLLER LIMITATIONS
Controllers for low-power devices usually implement high switching frequencies, producing output voltages that are of a higher quality compared to that of high-power devices. Highpower devices have the tendency to limit the switching frequency due to the power dissipation in the switching devices. Further limitations include the dead time needed for the switches to commutate and the clock frequency of the DSP. These limitations can be limited by using faster switching devices and a faster DSP, but would increase the cost of the project, as new hardware should then be developed.
IX. CONCLUSIONS
A linear state feedback control law that performs the deadbeat action on both output voltage and inductor current is presented. The computational delay introduced by using a digital signal processor is compensated for by adding a third state variable to the system model, ensuring system stability with linear loading conditions. The system poles are all situated at the origin, making the system more robust against slight variations in system parameters. The theoretical analysis is implemented in a high-power practical system that verifies the performance of the system. A summary of the controller performance under various load conditions is given in Table 1 . In all cases the closed-loop controller produced output voltage waveforms that have lower harmonic content than the openloop controller. The steady-state error produced by the closed-loop controller is due to the equivalent series resistance of the filter inductor. The system model was developed without including any parasitic components; hence the small variation in output voltage magnitude. Due to non-linear loads producing waveforms with a high THD, further investigation of non-linear loads would be appropriate to improve the output voltage waveform quality. These may include a second, low-power inverter that is used as an active power filter, supplying only the harmonic currents. The main inverter will then effectively supply power to a linear load.
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